Introduction
T HE deformation and primary breakup properties of round nonturbulent liquid jets in gaseous crossflow were studied experimentally, motivated by applications to spray breakup in crossflow in airbreathing propulsion systems, liquid rocket engines, diesel engines, and agricultural sprays, among others. The objective was to extend recent shadowgraphy measurements of Mazallon et al. 1 and Wu et al. 2 of some properties of this liquid breakup process to exploit the capabilities of pulsed holography to penetrate dense sprays and observe the detailed properties of both the liquid surface and the primary breakup process at the liquid surface.
Earlier studies of the primary breakup of round nonturbulent liquid jets in gaseous crossflow were recently reviewed by Wu et al. 2 ; therefore, the following discussion of past work will be brief. Initial studies of round nonturbulent liquid jets in gaseous crossflow mainly concentrated on lengths of penetration of the liquid jet into the crossflow and the trajectories of the liquid column for various flow conditions. 3−14 Additional details about the properties of round nonturbulent liquid jets in gaseous crossflow were recently obtained by Mazallon et al. 1 and Wu et al., 2 and references cited therein, using pulsed shadowgraphy. These studies reported similarities between the primary breakup regimes of round nonturbulent liquid jets in gaseous crossflow and the secondary breakup of drops due to shock wave disturbances. In particular, both studies observed bag, multimode, and shear breakup regimes along the liquid column in crossflow that were qualitatively similar to secondary drop breakup regimes having the same names. Other properties of round nonturbulent liquid column breakup in gaseous crossflow that were observed using pulsed shadowgraphy during these studies were as follows: wavelengths of liquid surface waves along the liquid column, the deformation of the liquid column before the onset of breakup along the liquid surface, the conditions for the onset of drop formation along the liquid surface, and the trajectory of the liquid column as it deflects due to crossflow.
The objectives of the present investigation were to extend the studies of Mazallon et al. 1 and Wu et al., 2 using the capabilities pulsed holography to penetrate the dense spray region and observe the liquid breakup process near the surface of the liquid jet. Observations of Mazallon et al. 1 and Wu et al. 2 of conditions for breakup regime transitions, of wavelengths of liquid surface waves along the liquid surface, of the deformation of the liquid column before the onset of breakup along the liquid surface, and of the trajectory of the liquid column as it deflects in the crossflow were revisited. In addition, breakup properties at the liquid surface were also observed, as follows: the properties of the liquid surface (surface velocities, the onset of ligament formation, and ligament properties), the properties of liquid drops formed by primary breakup along the liquid surface (the onset of drop formation, drop sizes and velocities after primary breakup, and rates of drop formation along the liquid surface), and conditions required for the breakup of the liquid jet as a whole (ending the primary breakup process). Finally, phenomenological analyses were used to help interpret the results and correlate the measurements for use by others.
Experimental Methods

Apparatus
Observations of liquid breakup along the surface of the liquid jet were carried out using a shock tube apparatus, whereas measurements of the length of the liquid column in the liquid column breakup regime were carried out using a subsonic wind tunnel. The shock tube had a rectangular cross section with a width of 38 mm and a height of 64 mm. The driven section of the shock tube was open to the atmosphere and had windowed side walls to provide optical access. The shock tube was sized to provide test times of 17-21 ms in the uniform subsonic flow region behind the shock wave. Crossflow velocities in air of 11-142 m/s were considered for normal temperature and pressure conditions in the crossflow.
The shock tube apparatus did not provide a large enough cross section to observe breakup of the entire liquid column in the liquid column breakup regime for crossflow at normal temperature and pressure conditions; therefore, observation of these properties were carried out in a subsonic wind tunnel having a cross section of 610 × 610 mm. The wind tunnel had windowed side walls to provide optical access with air crossflow having velocities of 5-15 m/s at normal temperature and pressure.
The nonturbulent round liquid jets were injected vertically downward using a pressure feed system for both the shock tube and wind-tunnel arrangements. The test liquid was contained within a cylindrical liquid supply chamber having a diameter of 50 mm and a length of 100 mm, constructed of type 304 stainless steel. The injector passage was located along the bottom of the liquid supply chamber and was directed along the chamber axis. Round supercavitating nozzles were used to create the round nonturbulent liquid jets; these nozzles had sharp-edged inlets and exits with length-to-diameter ratios smaller than 3. This arrangement yielded uniform nonturbulent round liquid jets as discussed by Wu et al. 15 and Lienhard. 16 Supercavitating nozzles having diameters of 0.5, 1.0, and 2.0 mm were used. These supercavitating nozzles were manufactured by drilling each of these hole sizes into a 3-mm-thick stainless-steel plate and counterboring the plate with a 90-deg included angle cone leaving a constant diameter section less than 0.3 mm long. With this configuration, reattachment of the jets in the short constant area section did not occur, which was evident from shadowgraphs showing that the liquid jets had smooth surfaces in the absence of crossflow. Actual liquid diameters at the jet exit were found from shadowgraphs with an experimental uncertainty (95% confidence) less than 10%; these diameters were only 50-70% of the geometrical nozzle exit diameters as discussed by Lienhard. 16 The test liquid was placed in the liquid supply chamber using a fill line. During the filling process, surface tension at the jet exit was sufficient to prevent premature outflow of the test liquid. Pressurized air was admitted to the top of the test chamber on activation of a solenoid valve to initiate the flow of the liquid jet. The air used to pressurize the jet liquid was stored in an air reservoir having a volume of 1.3 m 3 . The air reservoir was set to the desired injection pressure by filling from the laboratory air supply system. (The air supply pressures were up to 1.5 MPa, and the air dewpoints were smaller than 240 K.) The increased pressure in the liquid supply chamber then caused liquid outflow through the nozzle. Significant aeration of the test liquid was prevented in several ways: A baffle was placed across the air inlet of the liquid supply chamber to prevent high-velocity gas from contacting the liquid surface, the crosssectional area of the liquid supply chamber was large compared to the nozzle cross-sectional area so that streamwise gas velocities at the liquid surface were small (less than 70 mm/s), and liquid during present observations was drawn from the bottom of the liquid supply chamber well away from the liquid surface where there was potential for aeration of the liquid. These measures to prevent aeration of the liquid surface were effective, based on observations of the liquid jet in the absence of crossflow where the surface was smooth allowing observations of the bulk liquid that did not reveal the presence of any bubbles. Once all of the liquid was forced out of the liquid supply chamber, the solenoid valve was closed and the liquid supply chamber was then refilled for the next test.
Test times were short for the shock tube arrangement, less than 20 ms; however, this was not a problem because flow development times (the time required for a given liquid sample to cross the flow cross section) were smaller than one-third of the available test times. In addition, data acquisition times, using pulsed shadowgraphy and holography, were even shorter, less than 10 ns, and did not impose any significant test time requirements. Operation was essentially steady for the wind-tunnel apparatus, and flow development did not pose any limitations of these measurements as well.
The potential uniformity of the crossflow acting on the round nonturbulent liquid jets is an important issue, as discussed by Mazallon et al. 1 For the present shock tube experiments, measurements were obtained at relatively short residence times (less than 20 ms) after the passage of a propagating shock wave past the liquid jet location. This implies that the characteristic thickness of the nonuniform velocity field in the boundary layer along the shock tube walls was generally less than 0.5 mm, based on the transient analysis presented by Schlichting. 17 This disturbed region was smaller than 10% of the distance along the liquid jet for all observation conditions considered during the shock tube experiments of the present investigation so that the disturbance of the flow due to the presence of the wall boundary layer was not significant within present experimental uncertainties. Finally, the wind-tunnel apparatus was limited to consideration of liquid column breakup, which only occurs at rather large distances from the jet exit; therefore, the effect of the wall boundary layer for these experiments was generally even smaller than for the shock tube experiments.
Instrumentation
Pulsed shadowgraphy and holography were used for the shock tube experiments to observe the properties of the round liquid jets and the ligaments and drops produced by primary breakup as a function of position along the liquid jet and crossflow conditions. The arrangement of the shadowgraphy and holography systems was similar to earlier work using these instruments to study the secondary breakup of drops. 18−23 Both measurements used two frequencydoubled YAG lasers (Spectra Physics Model GCR-130, 532-nm wavelength, 7-ns pulse duration, and up to 300-mJ optical energy per pulse) that could be fired with pulse separations as small as 100 ns. An off-axis holocamera arrangement was used that provided a 25 mm diameter field of view at the test liquid column location. Reconstruction of the double-pulse holograms yielded two images of the flow so that liquid surface and drop velocities could be found given the time of separation of the laser pulses (which was measured using a digital oscilloscope). The second laser pulse was weaker than the first, which allowed directional ambiguity to be resolved because stronger laser pulses yielded sharper reconstructed images. The same arrangement provided shadowgraph images simply by blocking the reference beam.
The hologram reconstruction system used to analyze the hologram and shadowgraph images from the shock tube involved a helium-neon laser (Spectra Physics Model 124B, continuous wave laser, 35 mW of optical power). The reconstructed image was observed using a charge-coupled device camera (Sony, Model XC-77) having optics to yield a magnification of 300:1 and a field of view of the image on the monitor of 1.2 × 1.4 mm. The optical data was obtained using a frame grabber (Data Translation DT2851) and processed using Media Cybernetics Image-Pro Plus software. Various locations in the hologram reconstruction were observed by traversing the hologram parallel to the crossflow and the jet directions and traversing the video camera of the image display system in the direction normal to this plane. Positions were selected for viewing using stepping-motor-driven linear traversing systems (Velmex, Model VP9000) having 1000-nm positioning accuracies. The combined holocamera/reconstruction system allowed objects as small as 3000 nm to be seen and the size of objects as small as 10,000 nm to be measured with 10% accuracy. The reconstruction system was also used to measure flow properties from shadowgraph photographs with the photographs placed in the hologram holder, which allowed two-dimensional traversing as before.
Drop sizes and velocities were measured as described by Hsiang and Faeth 18−20 and Chou et al., 21 whereas ligament and liquid surface properties were found similar to Sallam et al. 24 Drops generally were spherical and could be represented by an average diameter; ligaments were roughly cylindrical and could also be represented by an average diameter. Experimental uncertainties (95% confidence) were found using standard methods similar to past work.
18−21 These uncertainties were less than 10%, for drop diameters larger than 10,000 nm, increasing inversely proportional to the drop diameter for smaller sized drops. Drop velocities were found from simple arithmetic averages (because drop velocity distributions were nearly uniform) with experimental uncertainties (95% confidence) less than 10%. In all cases, the numbers of drops or ligaments measured at a point was selected to achieve the experimental uncertainties just mentioned.
Liquid column properties observed using the wind-tunnel facility were obtained from single-pulse shadowgraphs. Streamwise and cross stream distances between the end of the liquid column and the jet exit were obtained from these shadowgraphs with experimental uncertainties (95% confidence) smaller than 10%.
Test Conditions
Test conditions are summarized in Table 1 . Liquid properties in Table 1 were measured as follows: liquid densities using a set of precision hygrometers (Fisher Model 11-582; 0.1% accuracy), liquid viscosity using a Cannon-Fenske viscometer (Fisher Model 13-617; 
Results and Discussion
Flow Visualization
The appearance of the various primary breakup processes that were observed for round nonturbulent liquid jets in gaseous crossflow is illustrated by the pulsed shadowgraph photographs appearing in Fig. 1 . These test conditions involved water jets from an injector having an exit diameter of 1 mm, yielding an initial liquid jet diameter of 0.8 mm, for gaseous crossflow represented by the crossflow Weber number. These results, however, are typical of present results at other test conditions as well as the earlier observations of Mazallon et al.
1 Figure 1a , showing the liquid jet, for W e = 0, exhibits a smooth liquid surface with no disturbances or protrusions of the surface of the liquid column and no initiation of atomization, even though the jet Reynolds number at this condition is relatively large, Re = 3 × 10 4 . This behavior is similar to past observations of atomization using round supercavitating injectors having a similar design that produce nonturbulent liquid jets; see Wu et al. 15 and Lienhard. 16 All liquid jet operating conditions considered during the present investigation had similar smooth liquid surfaces with no significant deformation, variation of jet cross stream diameter, or initiation of atomization, over the length of the jet when there was no crossflow. These results provide direct evidence that the primary breakup processes observed during the present investigation were caused by air crossflow rather than by liquid vorticity or turbulence, which is responsible for other liquid jet breakup processes, such as turbulent primary breakup considered by Sallam et al. 24 As a result, present measurements of breakup properties are defined by the crossflow Weber number W e and are essentially independent of the streamwise liquid jet velocity as characterized by the momentum ratio q for the present range of this variable.
For present conditions, where effects of liquid viscosity were small (Oh ≤ 0.3), four regimes of primary breakup of the liquid jets were observed for fixed liquid jet exit conditions as the crossflow velocity (characterized by the crossflow Weber number W e) was increased, as follows: column breakup, bag breakup, multimode (or At the smallest velocities, W e ≤ 4, the liquid jet column was somewhat deformed, to yield an ellipsoidal cross section, and deflected in the direction of the crossflow velocity. This behavior is caused by reduced gas pressures along the sides of the jet due to acceleration of the gas across the liquid jet, with the lateral motion of the liquid jet eventually stabilized by surface tension. This behavior is somewhat analogous to the behavior of individual drops during secondary breakup when subjected to shock wave disturbances in the deformation regime. 18−23 The increased drag forces due to the flattened shape of the liquid jet enhances its tendency to be deflected in the crossflow direction due to the gaseous crossflow. Given some degree of flattening of the liquid jet, somewhat thicker nodelike regions begin to appear along the length of the liquid jet with distances between the nodes generally comprising several liquid jet diameters. The spacing of these nodes progressively decreases with increasing crossflow Weber numbers. Subsequently, larger accelerations of the cylindrical liquid connections between the nodes cause them to be deflected in the crossflow direction more rapidly than the nodes, giving the liquid jet a looplike structure. Finally, continued deflection of the connections in the crossflow direction relative to the nodes eventually causes the connections to break, with the resulting free sections of the liquid connections eventually forming a string of drops along their length by a process very similar to Rayleigh breakup of liquid jets, leaving the nodes as larger drops among the rest. The general appearance of the flow at these conditions can be seen at the bottom of Fig. 1b .
As crossflow velocities increase, the next primary breakup regime that is observed for W e = 4-30, is the bag breakup regime. Bag breakup appears in Fig. 1c , for W e = 8. In this regime, crossflow Weber numbers have reached values where the spacing between the nodes is comparable to the liquid jet diameter. Once the liquid jet has flattened significantly between the nodes, baglike structures appear between the nodes that are very similar to the baglike structures appearing at the center of the deformed drops in the bag breakup regime observed during the secondary breakup of drops subjected to shock wave disturbances. 18−20 This behavior involves the formation of bags as a result of the deformation of the central portion of the liquid jet between nodes due to the higher pressure of the stagnating gas flow on the upstream side of the liquid jet than on its downstream side. With increasing distance along the liquid column (or time in the crossflow), the bags grow in the crossflow direction and then begin to progressively break up, beginning at their farthest position of deflection in the crossflow direction (or tip), in a mechanism very similar to the bag breakup of drops undergoing secondary breakup due to shock wave disturbances. 22 This is followed by breakup of the connecting liquid columns between the nodes, and along the sides of the bags, into relatively large drops, once again by the mechanism of Rayleigh breakup, similar to bag breakup during secondary drop breakup due to shock wave disturbances. 22 This behavior tends to separate drops according to size along the liquid column, with the smallest drops formed by breakup of the bag appearing first, followed by larger drops formed by breakup of the connecting liquid columns, and finally the largest drops that are associated with the nodes.
Shifting to conditions at the largest crossflow velocities considered during the present investigation (or the largest crossflow Weber numbers), W e > 110, primary jet breakup enters the shear breakup regime. Shear breakup appears in Fig. 1e , for W e = 220. Similar to column and bag breakup, the shear breakup process begins by deflection of the liquid jet in the crossflow direction, but with negligible distortion of the jet cross section. In this case, wavelike disturbances appear on the upstream side of the deflected liquid jet, probably as a result of Rayleigh/Taylor instabilities, that is, as a result of acceleration of a fluid of greater density toward a fluid of lesser density in this region. The spacing of these disturbances along the liquid jet is on the order of 0.1 of the jet diameter, and they do not develop into the nodes observed in the liquid column and bag breakup regimes. Instead, they grow into ligaments that form along the periphery of the liquid jet and separate from its downstream side (in the crossflow direction). These ligaments are terminated when drops form from their ends, very similar to secondary drop breakup when drops are subjected to shock wave disturbances in the shear breakup regime. 18−21 With increasing distance along the liquid jet, the distance between these disturbances tends to increase, resulting in progressively increasing diameters of both the ligaments and of the drops forming from the end of the ligaments. This behavior is also analogous to the progressive increase of the size of the ligaments, and the drops formed from them, as a function of time, during secondary drop breakup when drops are subjected to shock wave disturbances in the shear breakup regime. 18−21 Finally, there is a range of crossflow velocities, for W e = 30-110, between the bag and shear breakup regimes, that involves a complex mixture of the properties of the bag and shear breakup regimes, called the multimode (or bag/shear) breakup regime. 1 Multimode breakup, for W e = 30, is shown in Fig. 1d . In this case, the spacing between disturbances along the surface of the jet is such that formation of both bags and ligaments can be accommodated, leading to a regime of breakup of round liquid jets in crossflow analogous to the multimode breakup regime for the secondary breakup of drops subjected to shock wave disturbances.
Primary Breakup Regimes
By the exploitation of the similarities between the primary breakup regimes of round nonturbulent liquid jets in crossflow, and the secondary breakup of drops subjected to shock wave disturbances, the breakup regimes of round nonturbulent liquid jets in crossflow were correlated in terms of crossflow Weber and Ohnesorge numbers as first proposed by Hinze 26 for the secondary breakup of drops exposed to shock wave disturbances at large liquid/gas density ratio conditions similar to present observations. This approach has also been used subsequently by most investigators of secondary drop breakup; see Refs. 18-23 and references cited therein. It is easily shown that the crossflow Weber and Ohnesorge numbers govern breakup regime transitions: For conditions where viscous forces are small, gasdynamic forces (or drag) on the liquid jet must be stabilized by surface tension forces, which implies that deformation and breakup regime transitions correspond to particular critical Weber numbers, that is, W e cr = const, whereas, for conditions where surface tension forces are small, gasdynamic forces (drag) on the liquid jet must be stabilized by liquid viscous forces, which implies that critical crossflow Weber numbers are proportional to the square of the Ohnesorge number, that is, W e cr ∼ Oh 2 ; see Hsiang and Faeth. 20 The primary breakup regime map for liquid jets in gaseous crossflows is plotted in terms of the Hinze 26 coordinates in Fig. 2 , with the symbols denoting conditions where roughly half of the observations corresponded to conditions within the two bounding regimes, similar to past work for the primary breakup of liquid jets in gaseous crossflow due to Mazallon et al. 1 and the secondary breakup of drops due to shock wave disturbances due to Hsiang and Faeth. 20 Experimental uncertainties (95% confidence) of these boundaries are smaller than 25% for Weber number W e and 5% for Ohnesorge number Oh (which has a small effect for the test range of liquid jets in Fig. 2 in any event) . Also shown in Fig. 2 are earlier determinations of the breakup regime boundaries of nonturbulent round liquid jets in crossflow from Mazallon et al. 1 and for the secondary breakup of drops subjected to shock wave disturbances from Hsiang and Faeth. 20 The breakup regime boundaries for liquid jets in crossflow from Mazallon et al. 1 and the present investigation are qualitatively similar. The value of Oh < 0.3 for these experimental conditions. Liquid viscous effects are small at these conditions, which implies constant values of the Weber number W e at the various transitions as observed for the results shown in Fig. 2, as 1 over the range of q = 100-8000. This effect seems quite reasonable, however, in view of the inability of even large jet exit velocities to cause breakup in the absence of a crossflow, as shown in Fig. 1a . In general, increasing liquid jet velocities simply stretched out the breakup process in the liquid jet streamwise y direction, with little other effect except for modifying drop velocities in this direction after breakup, as quantified later.
Given that results available thus far concerning the breakup regimes of liquid jets in crossflow are relatively independent of Ohnesorge number Oh and q, values of Weber number W e for the various breakup regime transitions are summarized in Table 2 for the results of Mazallon et al. 1 and the present investigation. Values of Weber number W e at the breakup regime transitions for the two studies are in excellent agreement for the column/bag and multimode/shear breakup regime transitions. There are greater differences between the two studies for the bag/multimode breakup regime transition, but this is not surprising due to problems of quantitatively defining the appearance of this transition. Notably, similar difficulties have been encountered when this transition was identified for the secondary breakup of drops subjected to shock wave disturbances. 20 Finally, the breakup regime transitions for the secondary breakup of drops due to shock wave disturbances are also plotted in Fig. 2 , based on the measurements of Hsiang and Faeth 20 ; these findings are in surprisingly good agreement with the results for primary breakup of nonturbulent round liquid jets in crossflow (aside from the absence of a bag-breakup/liquid-column-breakup transition, for which there is no counterpart for the secondary breakup of drops), suggesting a similarity of the general features of these two liquid breakup processes.
Liquid Surface Waves
Insight concerning the mechanisms of primary breakup of round nonturbulent liquid jets in crossflow can be gained by considering the properties of waves that appear along the surface of the liquid jet during the breakup process. Examples of these waves can be seen in Fig. 1 for all flows involving breakup. The wavelength λ s of these disturbances along the liquid surface was taken to be the distance between nodes for liquid column breakup; in contrast, they were best observed on the upstream side of the liquid jet for the bag, multimode, and shear breakup regimes, as shown in the inset of Fig. 3 . The wavelength results illustrated in Fig. 3 include the measurements of Mazallon et al. 1 and the present investigation. The experimental uncertainties (95% confidence) of the wavelengths shown in Fig. 3 are estimated to be smaller than 25%, largely due to wavelength irregularities similar to those seen in Fig. 1 . Finally, the breakup regime transitions, found as discussed in connection with Figs. 1 and 2 and Table 2 , are also shown for reference.
The wavelength measurements of Mazallon et al. 1 and the present investigation shown in Fig. 3 agree within experimental uncertainties. Both results indicate that the values of λ s /d j lead quite naturally to the breakup regimes shown in Fig. 1 , recalling the tendency of λ s /d j to progressively decrease with increasing Weber number of the crossflow, as follows: Column breakup involves λ s /d j > 1, which is consistent with the tendency of this breakup mode to involve stretching of the entire liquid column between nodes, with final breakup first involving the strained liquid column between the nodes as well; bag breakup involves λ s /d j ≈ 1, which is consistent with the somewhat axisymmetric deflection of the flow to form a bag; shear breakup insvolves λ s /d j ≈ 0.1, which is consistent with the formation of ligament structures having a diameter similar to λ s around the periphery of the jet that eventually separate from the downstream side of the liquid jet to form drops; and finally with the multimode region being associated with values of λ s /d j of 0.1-1.0, which is consistent with the complex geometry of this region, ranging from behavior in the bag breakup regime to the shear breakup regime.
The formation of the waves that are present on the upstream side of the liquid jet involves flow in the vicinity of its upstream stagnation point. In this region, the main effect of the crossflow is to tend to accelerate the lesser density gaseous crossflow toward the greater density liquid jet in the cross stream direction. Such conditions provide a classical prescription for the development of Rayleigh/Taylor instabilities. The best-fit correlation of the wavelength measurements was achieved as a function of Weber number alone, as shown in Fig. 3 . For values of Oh < 0.12 and values of q in the range 3-8000, this correlation can be expressed as follows:
where the correlation coefficient of the fit is 0.82.
Liquid Surface Velocities
Before turning to consideration of liquid breakup properties, the environment of the breakup process will be defined by considering mean streamwise liquid surface properties for round nonturbulent liquid jets in gaseous crossflow. This information was obtained by measuring the streamwise velocity of small disturbances on the surface of the liquid jet, using double-pulse shadowgraphs. The measurements were designed so that experimental uncertainties of these measurements (95% confidence) at a given condition along the liquid surface were less than 10%, similar to the other results reported in this investigation.
Present measurements of mean streamwise liquid surface velocities, normalized by the mean jet exit velocity at each condition, are plotted as a function of normalized streamwise distance from the jet exit, y/y b , in Fig. 4 . It was possible to obtain reliable measurement of v s /v j in the range y/y b = 0.1-0.7. Observable disturbances on the liquid surface were rare for y/y b < 0.1, whereas the surface becomes difficult to define near the liquid jet breakup condition y/y b > 0.7, which accounts for the limited range of the measurements in Fig. 4 . The results in Fig. 4 , however, suggest that v s /v j = 1 within experimental uncertainties. This provides further evidence of the relatively weak interaction between the streamwise motion of the liquid jet and the gaseous crossflow that has already been seen in the breakup visualization of Fig. 1, in Fig. 1a , when no gaseous crossflow was present.
Onset of Breakup
A feature of the primary breakup of round nonturbulent liquid jets in gaseous crossflow is that there is relative universality of liquid column deformation at the onset of breakup for some of the breakup regimes, similar to the secondary breakup of drops subject to shock wave disturbances. In particular, Mazallon et al. 1 observed the deformation of round nonturbulent liquid jets in crossflow using two laser beams separated by a 45-deg angle to obtain two simultaneous shadowgraphs. These observations showed that the cross-sectional area of liquid jets during this type of deformation was preserved so that the cross stream dimension increased as the streamwise dimension decreased. Given this background, present observations of deformation were simplified by only considering measurements of the streamwise jet dimensions. These observations are shown in observed for the full range of q and Ohnesorge number considered during the present investigation. The reason for these differences of deformation properties between the onset of drop formation for primary breakup of round nonturbulent liquid jets in crossflow and the secondary breakup of drops, however, is not known.
Additional consideration of the onset of breakup was limited to the shear breakup regime. Within this regime, the appearance of drops was always preceded by the appearance of ligaments protruding downstream from the region near the sides of the liquid jet toward the wake behind the jet due to the crossflow. Analogous to earlier findings for the onset of ligament and drop formation during the turbulent primary breakup of round turbulent liquid jets in still gases due to Sallam and Faeth, 27 ligament diameters at the onset of ligament formation were found by equating the momentum flux (relative to bulk liquid in the jet) of a ligament of given size, d i , to the maximum surface tension force required to start the formation of a ligament of this size. Treatment of the momentum of the present nonturbulent liquid, however, had to be modified from its treatment for a turbulent liquid by Sallam and Faeth. 27 In the present case, it was assumed that liquid motion required to form a ligament originated from the viscous shear layer beginning at the upstream stagnation point of the crossflow and growing at the periphery of the liquid jet due to the motion of the gaseous crossflow before separating from the liquid jet on the downstream side of the crossflow. Then the characteristic liquid phase velocity of this shear layer, due to viscous effects, is
When the momentum of the liquid shear layer near the surface is equated to the surface tension force required by the hemispherical distortion of the liquid surface that must be overcome to form a ligament having a diameter
where C i is an empirical constant associated with the onset of ligament formation on the order of unity. Finally, when Rayleigh breakup of the drops at the end of the ligaments is assumed, which appeared to be the most common mechanism of drop formation based on visualization of the present flows, there results
where C pi is an empirical constant associated with the onset of drop formation on the order of unity. Present measurements of the ligament diameter at the onset of ligament formation, d i , and the present mean drop diameter at the onset of drop formation, d pi , are plotted as a function of (µ L /µ G )/W e, as suggested in Eqs. (4) and (5), in Fig. 6 . Within a finite diameter liquid jet, the shear layer along the periphery of the jet from which the ligaments form cannot grow indefinitely; therefore, there are two branches of ligament diameter behavior:
The standard deviations of the power and coefficient in Eq. (6) are 18 and 6%, respectively, whereas the standard deviation of the constant on the right-hand side of Eq. (7) is 24%. The reduction of the power in Eq. (6) from 1 to 1 2 in Eq. (6) is statistically significant. This discrepancy appears to be due to the limitations that the finite diameter of the liquid layer places on the growth of the shear layer, when it is noted that the shear layer is eventually limited to a fixed fraction of the liquid jet diameter at conditions where this power must become zero. Finally, Rayleigh breakup implies a constant ratio of the drop and ligament diameters:
where the standard deviation of the constant on the right-hand side of Eq. (8) is 0.14. The next property of the onset of ligament formation that was considered was the distance along the liquid jet, y i , where this occurs. First, motion along the liquid jet is simply given as a function of time by the liquid jet convection velocity, based on present observations, for example,
then the diameter of the ligament at onset should be proportional to the thickness of the liquid shear layer, which is assumed to grow according to the well-known viscous shear layer growth rate expression (ν L t) 1/2 . This implies that
Substituting for d i from Eq. (6) and rearranging then yields
where
and C t is an empirical constant associated with the onset of ligament formation on the order of unity. Values of t i were found from present measurements of y i using Eq. (9). These measurements are plotted as a function of (µ L /µ G )/W e, as suggested by Eq. (11), in Fig. 7 . It is evident that the measurements correlate quite well according to the relationship of Eq. (11) as
where the standard deviations of the power of the parameter in brackets and coefficient in Eq. (13) are 2.5 and 0.6%, respectively. The coefficient of Eq. (13) seems small, but this parameter actually is C t C 2 i and is small because C i is small from Eq. (6), whereas C t ≈ 0.3, which is on the order of unity, as expected. 
Ligament and Drop Sizes Along the Liquid Surface
To consider ligament and drop sizes along the liquid surface, times required to reach specific distances along the liquid surface were found from the convection approximation of Eq. (9). A second limitation was to consider ligament and drop formation only in the shear breakup regime as opposed to the more complex bag and multimode breakup regimes; fortunately, shear breakup tends to dominate practical applications. Finally, velocities associated with the formation of ligaments were assumed to be from the shear layer as given by the shear layer approximation of Eq. (2). Then, similar to observations concerning the onset of ligament formation, the variation of ligament size along the surface was assumed to involve a transient regime where the thickness of the shear layer is growing as a function of time as
and a quasi-steady regime where the shear becomes a fixed fraction of the liquid jet diameter, which in turn is taken to be proportional to the initial liquid jet diameter or
where C is an empirical constant associated with the shear layer thickness having a magnitude on the order of 0.1 similar to the similar parameter found for the onset of ligament formation from Eq. (7). As before, assuming that d ∼ δ, and fitting the results to the present measurements, finally yields, for the transient regime, (16) and for the quasi-steady regime,
where the standard deviations of the power and coefficient in Eq. (16) are 13 and 98%, respectively, and the standard deviation of the constant in Eq. (17) is 0.04. Finally, the relationship between ligament and drop diameters along the liquid surface proved to be identical to this relationship at onset conditions, as expected, or from Eq. (8),
with the standard deviation of this constant of 0.27, as before. In addition, the result given in Eq. (18) is appropriate for both the transient and quasi-steady regimes of liquid surface breakup. Present Fig. 7 . Finally, these results also support the hypothesis that drop formation occurs by the mechanism of Rayleigh breakup at the tips of ligaments.
Drop Velocity Properties
Drop velocities after breakup were measured using double-pulse shadowgraphy in regions where the dispersed flow region was dilute and using double-pulse holography in regions where the dispersed flow region was dense. These measurements were obtained close to the tips of ligaments to minimize effects of drop velocity relaxation to the ambient velocity. The resulting drop velocity distributions along the initial direction of the jet, v p , and along the initial direction of the crossflow, u p , are shown in Fig. 9 . It is evident that both components of drop velocity are nearly independent of the drop diameter. An apparent exception to this behavior involves small drops with d p /SMD < 0.5, where SMD denotes Sauter mean diameter; however, this behavior is felt to be an artifact of the relatively fast relaxation times of small drops compared to large drops. The velocity normalizations used in Fig. 9 were chosen to compare v p with the initial jet velocity v j and u p with the characteristic liquid velocity component in the cross stream direction given by Eq. (2). The resulting velocity correlations of the measurements in Fig. 9 are as follows:
where the uncertainties (95% confidence) of the constants on the right-hand sides of Eqs. (19) and (20) are comparable to the uncertainties (95% confidence) of the measurements themselves, or 10%.
Measurements of both velocity components indicate some effects of gas-phase drag during the breakup process on the velocities of drops after breakup. These effects tend to reduce the v p component from v j to some extent and to increase the u p component significantly from u L . Figure 10 is a typical pulsed shadowgraph of the end of the liquid core for nonturbulent liquid jets in gaseous crossflow, within the shear breakup regime. It can be seen that the jet appears to disintegrate into droplike segments that subsequently undergo secondary drop breakup. Similar to other measurements during this investigation, sufficient observations of this length were made to achieve an average liquid column breakup length within the experimental uncertainties mentioned earlier.
Liquid Column Breakup
The locations of the completion of the primary breakup process for the bag, multimode, and shear breakup regimes were analyzed similar to the earlier treatment of nonturbulent liquid columns in crossflow due to Wu et al. 2 and turbulent liquid column breakup lengths due to Sallam et al. 24 This was done by associating the time of penetration of liquid elements in the jet with the time of secondary breakup of drops due to shock wave disturbances. When this approach is adopted, the time required for bag, multimode, and shear breakup is given by an expression analogous to that used for the secondary drop breakup times due to shock wave disturbances from Hsiang and Faeth 20 :
where t * is the characteristic liquid-phase time of Ranger and Nicholls,
and C yb is an empirical constant associated with the time of breakup of the liquid column on the order of unity. Finally, consideration of cross stream momentum yields the following simple result that was first observed by Wu et al., where C xb is an empirical constant associated with the cross stream penetration of the liquid column on the order of unity. Measurements of t b and x b from the present investigation are plotted according to Eqs. (21) and (23) in Fig. 11 as a function of Weber number for small Ohnesorge number conditions. The Weber number for breakup regime transitions at small Ohnesorge number are also shown for reference. As noted earlier, present results are limited to the bag, multimode, and shear breakup regimes, where drop formation occurs along the liquid surface as is generally desired for practical atomization purposes. As anticipated from earlier measurements of drop breakup times for the secondary breakup of drops exposed to shock wave disturbances, the ratio t b /t * is relatively independent of Weber number for the three breakup regimes, yielding C yb = 2.5 with an experimental uncertainty (95% confidence) of 7%. This is comparable but somewhat smaller than C yb = 6.0 for the secondary breakup of drops from Dai and Faeth. 23 These differences are not surprising due to the fundamental differences of liquid breakup for a round liquid jet in crossflow and a spherical drop subjected to a shock wave disturbance. Finally, measurements of x b /d j from both Wu et al. 2 and the present investigation yield the surprisingly simple result, C xb = 8.0, with an experimental uncertainty (95% confidence) of 9%.
Nonturbulent round liquid jets in crossflow undergo a different mechanism of liquid column breakup as a whole, namely, as classical Rayleigh breakup, than the other breakup regimes. In this case, the length of the liquid column at the time of breakup can be correlated based on Weber's 29 observations that the breakup length L b of a round nonturbulent viscous liquid jet can be expressed as follows:
Then with application of the convection approximation of Eq. (9), the following expression for the time of breakup, t b , of the liquid column as a whole in the liquid column breakup regime is obtained, as follows:
Present measurements of liquid column breakup times, normalized according to Eq. (25) , are plotted as a function of Weber number in Fig. 12 . The results show that subjecting a liquid column to increasing crossflow velocities progressively reduces the time that it takes for the liquid column to break up into droplets. As the Weber number approaches the critical value near the onset of bag breakup, the liquid column breakup times display a smooth transition to the time for the onset of bag breakup in Fig. 10 . For Weber numbers close to zero, on the other hand, the present results approach the measurements of Sterling and Sleicher 30 for breakup lengths of various liquids ejecting from short injectors (L/d ∼ = 0.25) into still air at comparable jet exit velocities.
The correlation of the liquid column breakup time results in Fig. 12 is remarkable, the present range of test liquids with liquid viscosities spanning two orders of magnitude is considered. This indicates that, even under the influence of crossflow, the breakup of nonturbulent liquid columns can be related to the Rayleigh breakup mechanism right up to the onset of bag breakup. These results also emphasize the importance of considering the viscous terms in Eq. (24) for liquids having large viscosities. (See additional discussion of this point in Wu et al. 31 ) Finally, the correlation of the present measurements of liquid column breakup times in Fig. 12 is as follows: (26) where the standard deviation of the power and coefficient in Eq. (26) are 0.34 and 0.09, respectively.
Liquid Breakup Rates Due to Nonturbulent Primary Breakup
The next liquid surface property that was studied during the present investigation was the flux of liquid drops relative to the liquid surface due to nonturbulent primary breakup along the liquid surface. This was done for the shear breakup regime (Fig. 1) in a manner somewhat different from earlier studies of this property for turbulent primary breakup of plane and round liquid jets in still gases due to Sallam and Faeth. 27 In particular, for the shear breakup regime in crossflow, the drops formed by primary breakup only leave the liquid column over its downstream half (Fig. 1) , as opposed to the entire periphery of a turbulent liquid jet in still gases. Thus, in the present case, liquid drops due to primary breakup only leave the liquid column over the downstream projected area of the liquid column, with the drops having a relative velocity u p with respect to the liquid column. Thus, averaging the liquid removal rate over this downstream projected area to find the average mass flux of liquid drops leaving the liquid column,ṁ f , a liquid surface breakup efficiency factor ε is defined as ε =ṁ f /(ρ f u p ) (27) where the limit ε = 1 represents conditions where liquid drops form in a continuous manner over all of the downstream projected area of the liquid. The actual appearance of liquid surface during nonturbulent primary shear breakup, particularly as the result of Rayleigh breakup at the tips of growing ligaments along the surface, however, suggests that ε is usually less than unity. Naturally, it is expected that ε approaches zero near the onset of drop formation due to nonturbulent primary breakup. Present measurements of ε for primary breakup of nonturbulent round liquid jets in gaseous crossflow in air at normal temperature and pressure are shown in Fig. 13 . The independent variable used is the dimensionless streamwise length y/y b between the jet exit and the condition where the liquid jet breaks up as a whole. The limit giving the onset of nonturbulent primary breakup along the liquid surface for present test conditions is also in Fig. 13 . This limit does not correlate in the same manner as ε and appears as a band rather than a line in Fig. 13 as a result. Typical of earlier measurements of ε due to Sallam and Faeth 27 for round turbulent jets in still environments, ε is on the order of 10 −3 at the onset of primary breakup and crudely approaches unity as the condition for breakup of the liquid jet as a whole is approached. The best-fit correlation of present measurements of ε for nonturbulent round liquid jets in gaseous crossflow, which is shown in Fig. 13 , is as follows:
The standard deviations of the exponential and preexponential factors appearing on the right-hand side of Eq. (28) are 19 and 13%, respectively, and the correlation coefficient of the fit is 0.90, which is reasonably good. Moreover, the trends of the measurements appearing in Fig. 13 are reasonable with small values of ε near the onset of breakup approaching values of ε having an order of magnitude of unity as the end of the liquid column is approached.
Liquid Column Trajectories
The liquid jet trajectory was considered next because drops formed at the surface of the liquid jet naturally eminate from locations along the jet in the x, y plane. In this case, simplified analysis following Wu et al. 2 was used, considering flow in the bag, multimode, and shear breakup regimes. The analysis was based on convection at the jet exit velocity in the jet streamwise direction. The results for the cross stream direction were based on conservation of momentum, assuming a constant drag coefficient based on the jet exit diameter for each breakup regime. The evaluation of the predictions using present measurements is in Fig. 14 
Conclusions
The formation of ligaments and drops along the liquid jet surface, as well as the deformation, deflection, and extent of the liquid jet itself, were studied experimentally for round nonturbulent liquid jets in air crossflow at normal temperature and pressure. Test conditions included water, ethyl alcohol, and glycerol (79 and 84%) jets injected normal to the crossflow for the following ranges of test variables (when combined with the earlier study of Mazallon et al. 1 ): crossflow Weber numbers of 0-2000, liquid/gas momentum ratios of q = 3-8000, liquid/gas density ratios of ρ L /ρ G = 683-1033, and Ohnesorge numbers of Oh = 0.003-0.29. The major conclusions of the study were as follows:
1) There is a useful general analogy between the primary breakup of round nonturbulent liquid jets in crossflow and the secondary breakup of drops subjected to shock wave disturbances, which suggests modest streamwise interactions in the liquid jets, for example, liquid breakup properties were not strongly affected by the liquid/gas momentum ratio for values smaller than 8000, which was the largest value considered during the present and earlier investigations.
2) Transitions between the various breakup regimes are not influenced significantly by liquid viscosities for Oh < 0.3 and by liquid jet exit velocities for q < 8000. Transitions to bag, multimode, and shear breakup occurred at W e = 4, 30, and 110, which were in reasonably good agreement with earlier results for round nonturbulent liquid jets in crossflow from Mazallon et al. 1 These results were also in qualitative agreement with earlier results for the secondary breakup of drops due to shock wave disturbances from Hsiang and Faeth.
3) There were two regimes for both the onset of ligament formation along the liquid surface and for the variation of ligament diameter as a function of distance along the liquid surface: first, an initial transient regime associated with the growth of a shear layer near the liquid surface that which supplies liquid to the base of ligaments and, second, a quasi-steady regime, where the shear layer reaches its maximum possible growth within the confines of the round liquid jet and has a thickness that is a fixed fraction of the liquid jet diameter. 4) In both regimes of ligament growth, drops formed at the tips of ligaments were a fixed multiple of the ligament diameter; thus, this behavior generally supports drop formation at the tips of ligaments by the classical Rayleigh breakup mechanism.
5) Drop velocity distributions after breakup were relatively independent of drop size and approximated the liquid jet velocity v j in the y direction but were somewhat larger than the characteristic liquid-phase velocity in the x direction, u L , due to drag on the drops by the cross flowing gas as the drops are formed.
6) Breakup of the liquid column as a whole in the bag, multimode, and shear breakup regimes approximated the total times of breakup of drops subjected to shock wave disturbances in the bag, multimode, and shear breakup regimes, yielding t b /t * = 2.5 and x b /d j = 8.0, with the latter result in good agreement with the earlier measurements of Wu et al. 2 In contrast, liquid column breakup as a whole in the liquid column breakup regime was better represented by Rayleigh breakup of a viscous round nonturbulent liquid jet as proposed by Weber. 29 7) The mean drop mass flux over the downstream projected area of the liquid column,ṁ f , due to nonturbulent primary breakup at the liquid surface could be correlated by the dimensionless length along the liquid column, y/y b . Quite plausibly, ε was small near the onset of drop formation due to nonturbulent primary breakup but reached values on the order of unity as the end of the liquid column of the jet is approached.
